Hepatocyte transplantation is a potential therapy for both acute and chronic hepatic insufficiency and also for treatment of inborn errors of metabolism affecting the liver. The peritoneum is one site for implantation and has several advantages: cells implanted there can be easily identified and observed, and it has a relatively large capacity. Long-term survival using "pure" hepatocytes in the peritoneum have been disappointing. We hypothesized that cotransplantation of hepatocytes with nonparenchymal cells would help maintain differentiated hepatocyte function. Rat liver cells transplanted intraperitoneally into August rats were sacrificed at 7 days, 1, 3, 6, 9, and 12 months and analyzed for presence, basal proliferation, and functionality of hepatocytes. To demonstrate that ectopic hepatocytes remained susceptible to exogenous growth factors affecting cell proliferation, rats 9 and 12 months after transplantation were stimulated with tri-iodothyronine and KGF. Hepatocytes were identified 7 days to >12 months, by H&E and immunohistochemically, as ectopic islands in the omental fat. Functionality was confirmed by glycogen deposition. Basal proliferation in 7-day rats was 28.0 ± 10/1000 hepatocytes in ectopic islands (cf. 5.70 ± 2.7/1000 in recipient liver). Proliferation in ectopic islands was greater than host liver. Growth factor-stimulated proliferation in ectopic islands induced a 70-fold increase in DNA synthesis. In conclusion, hepatocytes transplanted with nonparenchymal cells survive, proliferate, and function in the peritoneum of normal rats, and respond to exogenous growth stimuli. Their survival and proliferation in the presence of a normal functioning liver has implications for the potential use of the peritoneal site clinically for supplementation of liver function in metabolic disorders. 569 570 SELDEN ET AL.
INTRODUCTION
cause of an inability to access the more preferred sites of spleen or liver (personal communication, S. Strom, 2002) . Moreover, for investigative purposes, at least in Hepatocyte transplantation has great potential for treating aspects of liver insufficiency such as genetic the mouse, the peritoneum has been demonstrated to have advantages as the implanted cell population can be metabolic disorders, and acute and chronic liver failure (8, 13, 14) . In some conditions, long-term survival of trans-easily identified and observed away from native liver (15). However, there are species differences in the sur-planted hepatocytes would be clearly desirable (e.g., inborn errors of metabolism). In other circumstances, long-vival of intraperitoneal hepatocytes. In particular, in the rat-the species in which growth control and transplan-term survival might be unnecessary (i.e., for acute liver failure or if an alternative long-term treatment such as tation of hepatocytes has been most extensively investigated-previous studies indicate that long-term survival total or auxiliary transplantation is performed). Indeed, under some circumstances, such as recovery from an of hepatocytes rarely results from intraperitoneal implantation. acute insult, long-term survival of implanted cells might be undesirable.
When conventional suspensions of hepatocytes were implanted, cell necrosis rapidly occurred within a few A variety of sites have been investigated for cell implantation. The peritoneum is one potential site for im-days and without long-term survival (7) . Well-documented longer term maintenance of viable and functional cells plantation, and indeed has been used in one patient be-has required complex additional matrices [e.g., polygly-For Subsequent Isolation of a Purified Hepatocyte Population by Isopycnic Density Centrifugation. The mixed colic acid (9) or collagen carriers (3)] or encapsulation within microcapsules or hollow fibers (1, 4, 6, 10, 16) . Such population of cells was diluted to 100 ml and centrifuged at 50 × g (2 min), yielding a "semipurified" prepa-approaches have some theoretical advantages-for example, in the prevention of immune attack-but the dis-ration; the pellet containing predominantly hepatocytes was resuspended and separated on a Percoll cushion advantages of providing a diffusion barrier that may adversely affect function.
(density 1.075 g/ml) for 30 min at 20°C. The pellet of "purified" hepatocytes was washed three times prior to We demonstrated in mice that intraperitoneal transplantation of a mixed population of liver cells permitted either transplantation or in vitro culture. complete reversal of the abnormal biochemical pheno-Implantation of Cells type in the autosomal condition histidinaemia, using a A suspension (1 × 10 8 hepatocytes, ϳ3 × 10 7 million technique in which cotransplantation of nonparenchymal nonparenchymal cells in ϳ5 ml) was implanted into the cells with hepatocytes was associated with survival of peritoneal cavity by direct injection through a wide bore the grafted cells for at least 3 months (15).
cannula, under light isoflurane anesthesia. Thus, in this study, we determined to characterize in normal rats the survival, function, and susceptibility to Time Course of Experiments exogenous growth stimuli of hepatocytes implanted in Groups of rats were sacrificed from 7 days to 1 year the peritoneum of the rat.
after transplantation (7 days, n = 5; 1 month, n = 6; 3 Our results confirm that long-term survival with conmonths, n = 11; 6 months, n = 8; 9 months, n = 12; 12 tinuing functionality and responsiveness to exogenous months, n = 12). stimuli persists long term, in rats. These results are particularly relevant as they were identified in rats whose Ectopic Hepatocyte Response to Growth Stimuli own liver function remained normal throughout and thus Animals previously transplanted received tri-iodothere was no selective pressure on transplanted hepatothyronine (4 mg/kg b.wt.) and keratinocyte growth faccytes to survive in ectopic sites.
tor (KGF, 1 mg/kg b.wt.) subcutaneously 23 h prior to administration of bromodeoxyuridine (BrdU, 50 mg/kg MATERIALS AND METHODS b.wt.) (5) . One hour later tissues were harvested for as-Animals sessment of DNA synthesis. The control group received Adult August rats (inbred strain) were used for all BrdU alone. BrdU was detected immunocytochemically experiments involving transplantation; groups of same (see below) and labeled cells counted in paraffin sections gender animals (male donors/male recipients or female and expressed as BrdU-positive hepatocytes per 1000 hedonors/female recipients) were used for the long-term patocytes. Data were collected for ectopic islands and experiments. For in vitro hepatocyte studies adult male recipient host liver. Wistar rats were used. All had access to food and water Estimation of Purity of Isolated Hepatocytes ad libitum, and were subjected to a 12-h light/dark cycle.
After Percoll Density Separation From Nonparenchymal Cells Cell Harvesting
Phase Contrast. Semipurified and Percoll-purified he-For Transplantation. A mixed population of liver patocytes resuspended in William's Medium E with anticells was prepared by in situ collagenase perfusion (2) . biotics and fungizone, supplemented with 5% FCS, dex-After portal vein canulation and removal of blood with amethasone 10 −8 M, insulin 10 −7 M, and EGF 10 ng/ml, Ca 2+ -free Krebs Henseleit buffer, pH 7.4, 25 mg collawere plated on collagen type I-coated six-well plates at genase (Worthington Biochemical Corporation, NJ, 750,000 cells per well in 2 ml medium. Cells were main-USA) was added to 250 ml buffer supplemented with 4 tained in culture and stellate cells were counted on days mM CaCl 2 and perfused at 21 ml/min for 10 min. The 1, 3, and 6. liver was teased in William's Medium E to release a mixture of hepatocytes and nonparenchymal cells (npcs), ED2 and Desmin. Cells as described above were plated on collagen-coated coverslips in a 24-well plate leaving behind the biliary tree. The cell suspension was filtered twice through a 56-µm nylon mesh to yield a at a density of 150,000 cells per well in 1 ml medium. Coverslips were removed and fixed with ice-cold metha-single cell suspension of a mixed population of liver cells in approximately 10 ml. Hepatocyte number and nol on days 1, 3, and 6. Nonparenchymal cells were stained at room temperature with ED2 (1:600) and anti-desmin cell viability were determined by trypan blue exclusion. Typically, yields were 2-300 million hepatocytes, with (1:75, Dako Ltd). Detection of signal utilized rabbit antimouse HRP, diaminobenzidine, and hematoxylin coun-viabilities >75%; the nonparenchymal cell (npc) fraction comprised ϳ30% of the viable hepatocyte population.
terstaining. Histological, Histochemical, and Immunocytochemical parallel sections were cut for further assessment. Sections were stained with Periodic acid-Schiff stain for Assessment of Tissues and Cells in Culture glycogen deposition: serial sections were treated with Tissue. At sacrifice tissues (liver, spleen, pancreas, and diastase to control for specificity. abdominal fat) were harvested in neutral buffered formalin, methacarn (CHCl 3 , MeOH, acetic acid, 60:30:10,
Immunohistochemistry. Horseradish peroxidase-labeled second antibodies (1:200) were used with the avidin-strep-overnight) or OCT cryopreservation with isopentane and liquid nitrogen. Paraffin-embedded tissue was sectioned tavidin-HRP complex and diaminobenzidine visualization. Primary antibodies were anti-hepatocyte monoclonal anti-at 3 µm and cryostat blocks at 4-5 µm. H&E identified areas of ectopic liver; where large areas were observed, body (OCH1E5, 1:125, formalin-fixed microwaved sec- tions, Dako Ltd), antibodies to resident (ED2 1:600, meth-had apparent macroscopic evidence of implanted cells, with areas of blood vessels not apparent in normal rats. acarn fixation, Serotec Ltd) and circulating macrophages (ED1 1:500, formalin fixation with microwaving, Serotec Microscopic observation (H&E) revealed numerous hepatocytes within omental fat, mostly as single cells and Ltd). T cells were identified with an anti-CD3 monoclonal antibody (1F4, 1:400, formalin fixed, biotin blocked, Ser-doublets (Fig. 1A) . The ectopic hepatocytes maintained intact morphology with granular cytoplasm and promi-otec Ltd) and further characterized with anti-CD8 (OX 8 antibody, Serotec). To assess proliferative status (cells in nent nucleoli. By 1 month, these cells formed small islands predominantly within the fat. Hepatocytes were S phase) sections were treated with 1 M HCl (60°C, 5 min) to dissociate histones, partially denaturing the DNA, apparent in cords, small rosettes, and as two-and threecell-thick groups without obvious nonparenchymal cells and mouse anti-BrdU (1:100, methacarn fixation, Dako Ltd) was used as primary antibody.
between, lying close to the surface of the fat. There was evidence of new vessel formation within the fat. In one Cells in Culture. Cells seeded onto glass coverslips animal hepatocytes were found in the fat surrounding were fixed in ice-cold methanol for 15 min. Thereafter, the testes. At 3 months large islands of several hepatothey were treated identically to the tissues as above.
cytes were observed. Hepatocytes were also found in Histological Assessment of Transfection of Ectopic close association with the pancreas (Fig. 1B) ; fat cells Islands of Hepatocytes. Tissues fixed in 1% glutaraldehad been distorted to accommodate the ectopic islands hyde for 60 min were briefly rinsed in PBS followed by of hepatocytes (Fig. 1C) ; mitoses (Fig. 1D) were evident X-gal solution (0.2% X-gal in 5 mM potassium ferricyawithin the islands. By 6, 9, and 12 months islands were nide, 5 mM potassium ferrocyanide, 2 mM MgCl 2 , 100 still visible, had normal morphology, but were appar-mM Tris-HCl, pH 8.0), prior to incubation in fresh ently no longer increasing in size (Fig. 1E ). X-gal solution at 37°C in the dark for 4 h. Thereafter, Hepatocyte identity was confirmed using a monothe tissues were rinsed twice in PBS, transferred to 10% clonal antibody to rat hepatocytes (Fig. 2) . Macroformalin, and paraffin embedded. Sections (3 µm) were phages were present both around and within the ectopic cut and counterstained with eosin.
islands. Figure 3A and B illustrates the normal liver's resident (Kupffer cells) and circulating macrophage RESULTS population; Figure 3C identifies ED2-positive cells Histological Evidence of Liver Cells around the ectopic island but not apparently within the in the Peritoneal Cavity cords of hepatocytes. There were occasional ED1-positive cells lying between cords of hepatocytes ( Fig. 3D) . At sacrifice at 7 days, the area of fat below the stomach between the spleen, pancreas, and small intestine Some lymphocytic infiltration was observed in all ec- topic implants, of which a minority were T cells ex-to a mixed liver cell population, Percoll-purified hepatocytes were transplanted into the peritoneum. This re-pressing CD8 (Fig 4) .
sulted in visible viable ectopic islands, which were also Metabolic Function proliferating at 3 months after transplantation, similar to results obtained with mixed liver cells. As this was an Glycogen deposition was evident in all the hepatocytes maintained throughout the experiment up to 12 unexpected finding compared with published data, we assessed "purified" hepatocyte populations in vitro for months posttransplant (Fig. 5A, B ). Diastase treatment confirmed specific glycogen in the hepatocytes. contamination with nonparenchymal cells, comparing the mixed liver cell population with hepatocytes purified Basal Proliferation by isopycnic density centrifugation using Percoll and with a semipurified hepatocyte population treated only In all cases, some hepatocytes within ectopic islands were engaged in DNA synthesis throughout the experi-by a 50 × g centrifugation step. After isolation and initial culture the purified hepatocyte population appeared "pure" mental period; at 7 days ( p < 0.03) and 3 months proliferation in the ectopic islands was greater than observed on day 1 of culture (seeding at day 0), but phase contrast microscopy identified increasing numbers of nonparen-in the host liver of the same animals ( Fig. 6 ) but at 9 months the basal proliferation rate was similar to that in chymal cells as time in culture progressed. Figure 7A compares the number of nonparenchymal cells at days the host liver. 1, 2, 3, and 6 in semipurified and Percoll-purified hepa-Purity of Isolated Hepatocyte Preparations tocyte preparations. Figure 7B and C present data on the number of ED2-and desmin-positive cells, which iden-To examine differences in survival after transplantation of a purified hepatocyte population in comparison tify Kupffer and hepatic stellate cells, respectively. Even Results are expressed as paired data for each rat (i.e., positive hepatocytes in liver versus positive hepatocytes in ectopic islands of same animal). Mean ± SD for 7 days (n = 5) in liver was 5.54 ± 2.492, in ectopic islands was 32.2 ± 19.5 (p < 0.03, paired t-test); at 3 months (n = 4) in liver was 4.4 ± 1.9 and in ectopic islands was 9.43 ± 4.5; at 6 months (n = 4) in liver was 3.25 ± 2.6 and in ectopic islands was 8.35 ± 9.3; at 9 months (n = 6) in liver was 2.2 ± 1.4 and in ectopic islands was 1.08 ± 1.42.
in apparently pure populations at the time of isolation the diffuse nature of the peritoneal cavity and seeding in the omental fat, it is not possible to quantify the propor-there is nonparenchymal cell contamination. However, although viabilities estimated by trypan blue exclusion be-tion of injected cells that successfully implant. Maintenance of differentiated hepatocyte function was confirmed fore plating were very similar, Percoll-purified hepatocytes did not survive well in culture, in contrast to the by glycogen deposition, for at least 12 months. These observations demonstrating long-term survival semipurified hepatocyte population. These had considerable nonparenchymal cell contamination but maintained of hepatocytes in rat peritoneum differ from previous results performed in this species (7) . There is one exam-normal morphology longer (data not shown).
ple of long-term survival shown by Kneser, using ani-Response to Growth Stimuli mals that had undergone a portacaval shunt, which will likely have provided a stimulus to long-term survival To demonstrate exogenous control of proliferation of ectopic hepatocytes, we used a subcutaneous injection and proliferation of cells in ectopic sites (10) . Notably, in contrast, we report here long-term survival of intra-of T3 and KGF, which led to a 62-fold increase in the number of cells in S phase at 24 h in the adult liver.
peritoneal hepatocytes in normal rats. Our experiments showing long-term intraperitoneal This response was mimicked in ectopic islands of hepatocytes that had been transplanted 9 or 12 months earlier survival in mice, and our initial series here in rats, used implants of nonparenchymal cells in addition to hepato-with 23-70-fold increases (Table 1, Fig. 8) .
cytes, which we hypothesized would favor long-term DISCUSSION survival by providing additional factors-either dependent on cell-to-cell contact or on extracellular matrix This study characterizes the survival, proliferation, and maintenance of differentiated function by hepato-production. Indeed, an alternative or additional explanation for Kneser's results in portacavally shunted rat peri-cytes in rat peritoneum, in ectopic islands, often in cords reminiscent of those in the normal liver. Cells survived toneum may have been the use of cells that were seeded on to prevascularized polyvinyl alcohol matrices. We in the omental fat, lying between the spleen, pancreas, and stomach. While a few hepatocytes may have sur-hypothesized that the only short-term survival reported by others transplanting hepatocytes into the peritoneum vived in other intra-abdominal locations, no other areas of implantation were observed macroscopically. Due to of rats may have reflected absence of nonparenchymal- (11, 12) . However, in vivo, the sparse nonparenchymal cells implanted with purified 9-Month Transplant hepatocytes may be sufficient to provide this support.
12-Month Growth Transplant
Thus, using the approaches described here, long-term and those within omental fat, proliferation of cells in the peritoneum was sustained over many months and could be manipulated by similar exogenous agents that affect derived factors, but in fact we showed purified hepatohepatocytes in situ. The ectopic hepatocytes proliferated cytes could also survive long term in the peritoneum. at a considerably greater rate than in the host liver at the However, our in vitro studies demonstrated that hepaearly time points after transplantation (28 per 1000 in tocyte preparations devoid of nonparenchymal cell conectopic islands; cf. 4/1000 in host liver at 7 days). Altamination are not achieved with current preparative though this rate slowed over months, ectopic hepatoprotocols, as hepatocytes obtained after density gradient cytes remained capable of enhancing their proliferative separation were apparently pure, but by days 3 and 6 rate after stimulation; we induced a 20-70-fold increase there was evidence by both phase contrast microscopy in cells entering DNA synthesis in response to growth and ED2 and desmin immunohistochemical staining of factors in the ectopic hepatocyte islands even 9 and 12 nonparenchymal cells. The stellate cell population is, in months after transplantation. particular, more proliferative than the hepatocyte popu-
The hepatocytes were in relationship with nonparenlation in vitro. Thus, even careful step-gradient isolated chymal cells (as evidenced by ED2-positive cells), and hepatocytes will always be contaminated with a small with T cells and other macrophages. The relationship number of nonparenchymal cells. The fact that the puribetween these immunocytes and the hepatocytes in this fied hepatocytes did not survive in culture as well as system was not further investigated here, but as there the unpurified or semipurified cells illustrates again the was no histoincompatibility in this syngeneic system, it established contribution of the nonparenchymal cells to is possible that this immunocyte population is the equivthe overall survival and function of hepatocytes in culalent of the endogenous T-lymphocyte and macrophage ture, mediated both directly through intimate contact population found resident in normal liver. between hepatocytes and nonparenchymal cells, and in-In summary, the data presented here provide evidence directly via extracellular matrix provided by the nonpathat ectopic hepatocyte islands function as normal hepatocytes and are modulatable with respect to stimuli for DNA synthesis for the life of the animal after transplantation. This should provide a valuable experimental model in which transplanted cells can be observed and modulated in a distinct location from the host hepatocyte compartment. Their survival and proliferation in the presence of normal functioning liver also has implications for the potential use of this site clinically in the supplementation of liver function in inborn errors of metabolism.
